The dog is an attractive model for genetic studies of complex disease. With drafts of the canine genome complete, a large number of single-nucleotide polymorphisms (SNPs) that are potentially useful for gene-mapping studies and empirical estimations of canine diversity and linkage disequilibrium (LD) are now available. Unfortunately, most canine SNPs remain uncharacterized, and the amount and quality of DNA available from population-based samples are limited. We assessed how these real-world challenges influence automated SNP genotyping methods such as Illumina's GoldenGate assay. We examined 384 SNPs on canine chromosome 9 and successfully genotyped a minimum of 217 and a maximum of 275 SNPs using buccal swab samples for 181 dogs (86 beagles, 76 border collies, and 15 Australian shepherds). Call rates per SNP and sample averaged 97%, with reproducibility within and between analyses averaging 98%. The majority of these SNPs were polymorphic across all 3 breeds. We observed extensive LD, albeit less than reported for surveys using fewer dogs, consistent between breeds. Analyses of population substructure indicated that beagles are distinct from border collies and Australian shepherds. These results demonstrate the suitability of amplified canine buccal samples for high-throughput multiplex genotyping and confirm extensive LD in the dog.
Over the past decade, a number of researchers have advocated the use of the dog as a model system for understanding the genetic basis of disease, morphology, and behavior (Barsoum et al. 2000; Ostrander and Kruglyak 2000; Ponder et al. 2002; Galibert et al. 2004; . Due to its history of domestication (Savolainen et al. 2002) , the dog offers a number of advantages for gene-mapping studies. Most extant breeds were developed through selection for specific types of tasks or work (Clutton-Brock 1999; Koskinen and Bredbacka 2000) and are less than 150 years old, resulting in reduced heterogeneity within breeds and increased heterogeneity between breeds . As breeds represent canalization of genetic variation, different breeds may vary with respect to genes responsible for biological processes, including growth, cognitive development, and liability for the development of behavioral or disease pathologies.
Gene-mapping studies require adequate numbers of informative markers (Ostrander and Kruglyak 2000; Brooks and Sargan 2001) . Large numbers of short tandem repeat markers (STRs) have been described for the dog (Guyon et al. 2003) , with a subset defined for linkage studies (Clark et al. 2004) . With draft sequences of the canine genome complete Lindblad-Toh et al. 2005) , a large number of single-nucleotide polymorphisms (SNPs) are now available for the domestic dog. A small subset of these have already been used to develop empirical estimations of diversity and linkage disequilibrium (LD) in the canine genome Lindblad-Toh et al. 2005) , and panels of SNPs for linkage analysis and whole-genome association studies are being developed to facilitate the identification of traits of interest. However, almost all known canine SNPs remain uncharacterized, and what would constitute an adequate set of SNPs for LD-mapping efforts remains unknown. Although recently developed platforms for genotyping large numbers of SNPs (i.e., Illumina, Inc., San Diego, CA; Affymetrix, Inc., Santa Clara, CA) can facilitate efficient data collection, the feasibility of large-scale genetic analyses in dogs is complicated by a number of challenges; the potential for low net yield of canine DNA from population-based samples (characteristically extracted from buccal swabs) is particularly daunting. The amount of target DNA that can be retrieved from canine buccal swab samples is low, and the total DNA extracted from buccal swabs is invariably contaminated by large amounts of microbial DNA.
For the present study, we assessed how real-world challenges inherent to genetic investigations in the dog influence automated SNP genotyping methods. We chose 384 SNPs on canine chromosome 9 from the Broad Institute's set of approximately 2.55 million uncharacterized canine SNPs (Lindblad-Toh et al. 2005) , and evaluated their performance on the Illumina BeadArray genotyping platform using wholegenome-amplified DNA samples extracted from buccal swabs. In the process, we were able to use the data produced for an assessment of LD and population structure in a sample of 86 purebred beagles, 76 purebred border collies, and 15 purebred Australian shepherds. Our results indicate that amplified buccal samples yield enough canine DNA for use in standard high-throughput multiplex genotyping assays and confirm that LD is extensive in the dog. To our knowledge, no other group has successfully genotyped from canine buccal swab DNA samples using the Illumina platform.
Methods

DNA Sample Collection and Storage
We included a sex-balanced sample of 90 beagles, 76 border collies, and 15 Australian shepherds in these analyses, choosing these 3 breeds for analysis due to existing research priorities that have resulted in the accumulation of large in-house samples of each breed. Canine subjects came from the United States and Canada and were selected from a larger sample of more than 3000 dogs collected for a survey of overall diversity within and between breeds as part of the Canine Behavioral Genetics Project, a study exploring the genetic background of anxiety-related behaviors in domestic dogs (http://psych.ucsf.edu/K9BehavioralGenetics). Participating owners are recruited from the community and asked to submit buccal swabs and behavioral questionnaires for each dog (Overall et al. 2006) . Therefore, as in typical populationbased surveys, the DNA samples used in these analyses were collected by diverse owners and technicians. Owners were asked to sample dogs at least 25 min after eating, to cleanse dogs mouths with water or encourage them to drink water before swabbing, and to allow swabs to air-dry before packaging them for return to minimize the potential for contamination and bacterial growth. Canine buccal swab samples (Cytosoft; Medical Packaging Corporation, Camarillo, CA) were received from owners and technicians via post and stored at room temperature in 2.0-ml microcentrifuge tubes prior to extraction.
DNA Extraction, Amplification, and Quantification
Genomic DNA was extracted from 3 buccal swabs per dog using a modified protocol designed specifically for buccal swabs, with the 3 swabs extracted together in a single reaction (QIAamp DNA Mini Kit; QIAGEN, Inc., Valencia, CA).
Typical yields from 3 buccal swabs were 1-2 lg per 100 ll, compared with a typical yield of 30 lg of DNA per 1 ml of whole blood (Lench et al. 1988) . Genomic DNA was extracted from whole-blood samples (PureGene; QIAGEN, Inc., Valencia, CA) from 2 of the border collies (replicates) and 4 unrelated dogs of different breeds (unique samples) and included in analyses for comparison (see Table 1 ).
Buccal swab samples (1 ll of a 100-ll extraction) were subjected to whole-genome amplification (WGA), using a method that employs bacteriophage U29 DNA polymerase enzyme multiple displacement amplification (MDA) (GenomiPhi; GE Healthcare, Buckinghamshire, England), in triplicate. DNA from blood, buccal, and whole-genomeamplified buccal swab samples has been shown to be comparable in quality using microsatellites and SNPs (Barker et al. 2004; Short et al. 2005; Thompson et al. 2005) , and the specific utility of MDA WGA product for Illumina BeadArray genotyping has also been demonstrated (Pask et al. 2004) . In earlier experiments, we routinely obtained high-quality DNA sequence from polymerase chain reaction (PCR) using buccal samples, as well as microsatellite analyses from PCR templates using buccal samples. We have also found that amplifying samples in triplicate followed by pooling of the samples leads to 100% concordance between amplified and source genomic DNA microsatellite genotypes (Bravo O, Hamilton SP, unpublished data).
Whole-genome-amplified samples were quantified using a standard PicoGreen analysis (Invitrogen Corp., Carlsbad, CA) to determine total DNA concentration. All liquid handling was performed using TECAN Genesis 150 8-probe and Hamilton Microlab 4200 12-probe robotic liquid handlers. Additionally, a PCR amplicon predicted to occur as a single copy in the canine genome was amplified and subjected to quantitative PCR using the double-stranded DNA intercalating dye SYBR Green (Applied Biosystems, Foster City, CA), allowing specific quantification of the amount of canine DNA in the extracted buccal swab sample. This step was necessary because canine buccal swab DNA samples are invariably contaminated by significant amounts of microbial DNA. For this assay, we designed a single pair of primers (5#-TCCCACTGTTGACAGAAGTGAA-3# and 5#-TGCTTCAAGTTCTGGGTTATGG-3#) for an amplicon on canine chromosome 9 that was verified as a single copy in the dog genome by sequence alignment on the Samples were cycled at 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min on an ABI 7900HT DNA analyzer. We included a dissociation step (95°C for 15 s, 60°C for 15 s, ramping at a 2% ramp rate to 95°C, and holding for 15 s) to ensure that only the specific product was amplified. Final DNA amounts were highly variable between samples. Canine DNA typically represents 3-15% of the total genomic DNA, the balance presumably being from oral microbial flora. This proportion is much lower than published estimates (Min et al. 2006 ) and our own in-house data with human buccal swabs. The reason for this lower yield is currently obscure.
Marker Selection
Because our primary objective was to assess the utility of buccal swab samples on the Illumina genotyping platform, our criteria for selecting SNPs were not governed by chromosomal coverage, representativeness of chromosomal regions, or SNP density. We chose to use SNPs from a single canine chromosome and planned ultimately to survey approximately 384 SNPs equally spaced across this chromosome, a number dictated by the design constraints of the Illumina genotyping platform. The first assembly of the boxer genome (CanFam 1.0, July 2004) included 55 235 SNPs assigned to chromosome 9. The Broad Institute used 9 additional breeds for SNP discovery, generating 100 000 whole-genome shotgun reads for each breed and 25 000 reads each for 4 gray wolves and 1 coyote (Lindblad-Toh et al. 2005 ). Canine chromosome 9 was chosen for this assay because it contains a region syntenic with the human serotonin transporter gene (5-HTT) and is therefore of particular interest for studies of behavioral genetics in the dog. We downloaded all chromosome 9 SNPs (CanFam 1.0) from the Broad Institute Web site (http://www.broad.mit.edu/mammals/dog/) and then filtered this set for SNPs observed in beagles, the original target breed for this experiment. Preference was given to SNPs that were polymorphic in any additional dog breeds or wild canids. As the Broad Institute originally identified SNPs using shotgun sequence of relatively few representatives of each breed, and we then selected SNPs from this set that are seen across breeds, the canine SNPs we employed in these analyses are not likely to be rare. We selected ;1100 SNPs for Illumina's GoldenGate design, and submitted the flanking genomic region and polymorphic bases for each SNP to Illumina for a design score. Approximately 700 SNPs with design scores .0.5 were then sorted to allow relatively equal spacing between markers, resulting in the identification of 384 markers. These markers span 52.1 Mb of a 64.4 Mb chromosome (based on map distances from the latest assembly of the dog genome, CanFam 2.0, May 2005), with no repeats in flanking regions and no masked sequence (no repeats closer than 20 bp to flanking regions). The map positions for these markers changed considerably between genome builds, with an additional 16 Mb of sequence added to the end of the chromosome closest to the centromere, moving the most proximal SNPs from 3 to 19 Mb in position. The ratio of transitions to transversions was 3:1. Average intermarker distance was 139 276 ± 10 720 bp (median intermarker distance: 67 604 bp), with a maximum distance between markers of 1 688 210 bp and a minimum of 1084 bp. National Center for Biotechnology Information RS identification numbers and map positions (CanFam 2.0) for all genotyped SNPs are available in Supplementary Table.
Data Generation and Analysis
Genotyping DNA samples, including those extracted from buccal swabs, along with several control DNAs isolated from blood, were analyzed using Illumina's GoldenGate genotyping assay (Steemers and Gunderson 2005; Fan et al. 2006) as per manufacturer instructions. Protocols for this assay recommend a minimum of 250 ng of target DNA per sample. To compensate for sample quality, we assayed DNA samples quantified at 1 lg total DNA by PicoGreen.
We analyzed a total of 183 samples derived from buccal swabs, including 90 beagles, 76 border collies (with 2 replicates for a total of 78 buccal swab samples from border collies), and 15 Australian shepherds. Several internal laboratory control DNA samples, derived from blood samples, were also used. Three samples were included in duplicate or triplicate to verify genotype reproducibility.
Data were output in the form of intensity files and analyzed using Illumina's BEADSTUDIO software suite, which offers automated genotype clustering and calling, and allows data to be visualized for further analysis. We removed samples with poor quality scores from the analysis (p10gc score , 0.40) and then reclustered the SNPs excluding these samples. Next, we dropped SNPs with ,60% call rate. The remaining SNPs were evaluated by cluster separation score and then visually evaluated for call integrity. Representative acceptable and dropped SNPs are shown in Figure 1 .
To include almost 200 dogs of 3 different breeds, we split our samples into 2 analyses using separate Sentrix Array Matrices (SAMs), which accommodate 96 samples per SAM. The first analysis included buccal DNA samples from 90 purebred beagles and blood DNA samples from 6 additional unrelated dogs (2 border collies, 2 unknown purebreds, 1 papillon, and 1 mixed breed dog). The second analysis included buccal samples from 76 purebred border collies and 15 Australian shepherds and blood samples from 2 of the border collies (replicates) and 1 mixed breed dog. The 2 border collies represented by both buccal and blood DNA samples were unrelated in-house dogs (owned by an author). These border collies and the mixed breed dog were represented on both SAMs.
Genotype data for a total of 86 beagle samples (after dropping underperforming samples; see above) and 217 qualitycontrolled SNPs (see below) were prepared from the results of the first analysis, whereas 275 SNPs for the border collie/ Australian shepherd sample were genotyped in 91 purebred dogs (this SAM included triplicates for 2 border collies, a purebred papillon, and a mixed breed control dog; no samples were dropped) in the second analysis. A total of 188 SNPs were successfully assayed in all 3 breeds between analyses.
Analyses of LD and Population Structure
Genotypes were imported into HAPLOVIEW (Barrett et al. 2005) . Due to unresolvable discrepancies in map position between CanFam 1.0 and CanFam 2.0, we omitted 2 markers from our analyses of LD in beagles and 6 markers from our analyses of LD in border collies and Australian shepherds. We performed pairwise LD comparisons between markers within 10 Mb of one another and excluded markers from analysis that had call rates ,75% and Hardy-Weinberg equilibrium deviation (P , 0.0001). Graphical representations of LD were generated with HAPLOVIEW. We identified tagging SNPs using the TAGGER routine (de Bakker et al. 2005) implemented in HAPLOVIEW.
Finally, to determine whether or not the SNP data we obtained would allow us to explore population structure in the 3 breeds examined, we ran simulations in STRUC-TURE (Pritchard et al. 2000) , which uses a model-based algorithm for clustering samples. We examined 176 individuals and 188 loci and incorporated information about population identity (beagle, border collie, or Australian shepherd) in these analyses. Each simulation incorporated 20 000 burnins, followed by 100 000 repetitions, optimizing over K 5 1 through K 5 6, and generated estimated proportion of membership for each predefined population. Five simulations were completed for each K, and the summary statistics averaged over all 5 runs. The estimated posterior probabilities for the data at each K, Pr(X|K) (''LnPD'' in STRUCTURE output), and DK (Evanno et al. 2005) were used to identify the best model fit.
Results
Hypotheses
We sought to address 3 interlocking methodological hypotheses. First, we examined the suitability of amplified canine buccal swab DNA for high-throughput genotyping. Second, we tested whether an uncharacterized set of SNPs would be useful for studies of genetic diversity in dogs. Third, we evaluated the hypothesis that these SNPs would be useful for measuring diversity across breeds as well as within breeds, despite being ascertained from a single breed.
SNP Performance and Quality
Beagles
We identified 384 SNPs based on sequence differences between shotgun reads of the beagle and the boxer genome. Of the 384 SNPs subjected to genotyping via the Illumina GoldenGate assay, we examined a total of 217 SNPs (57%) after excluding SNPs with call rates ,60% and poor cluster separation, leaving 167 SNPs that could not be converted to a readable assay. Of the 217 markers, 34 had minor allele frequencies ,0.01, of which 30 were monomorphic. Remarkably, 107 (49.3%) of the markers had allele frequencies .0.2. See Table 2 for characteristics of the 217 SNPs successfully assayed in beagles.
Border Collies and Australian Shepherds
As we selected our original set of 384 SNPs based primarily on polymorphism in beagles, the question of how these SNPs would perform in other breeds remained open, so we selected 2 additional breeds for analysis to explore this question. Border collies and Australian shepherds are assigned, roughly, to either the same (border collie) or overlapping (Australian shepherd) genetic clusters as beagles (Parker and Ostrander 2005) , according to a classification based on microsatellite . The origins of these breeds are obscure, but all 3 are either known or thought to trace back (at least in part, in the case of the Australian shepherd) to Great Britain. The border collie and Australian shepherd are both used, either currently or historically, as livestock working dogs and classified as herding breeds by most major multibreed registries. The beagle, by contrast, is a hound, developed and often still used as a pack hunting dog for pursuit of small game.
We genotyped a total of 76 border collies and 15 Australian shepherds. Of the 384 SNPs assayed, we were able to successfully genotype the same set of markers in both breeds using the exclusion criteria described above for a total of 275 successful SNPs (72%), leaving 109 SNPs that could not be converted to a readable assay for these breeds. Among the 275 SNPs assessed in border collies and Australian shepherds, 28 SNPs had minor allele frequencies ,0.01, 39 (14%) were monomorphic in either Australian shepherds or border collies, and 18 (64%) were monomorphic in both breeds. Of 275 SNPs, 130 (47%) of the markers had allele frequencies .0.2. See Table 3 for characteristics of the 275 SNPs successfully assayed in border collies and Australian shepherds.
Combined Data
We noted differences between our first genotyping array analysis and the second. Although call rates were similar between experiments, we were able to score 217 SNPs on the first array and 275 on the second. Of these SNPs, 188 were called in common between SAMs, whereas 29 and 87 SNPs were called only in the beagle and border collie/Australian shepherd experiments, respectively (Figure 2A ). For the 188 SNPs successfully assayed for both arrays, 179 were polymorphic in at least one of the 3 breeds. Of these 179 SNPs, 148 (82.7%) were polymorphic in all 3 breeds ( Figure 2B ). Alleles for only 1-3% of these SNPs were fixed (monomorphic) in any one of the 3 breeds.
Genotyping Quality
We included blood samples for 3 dogs (2 unrelated border collies and a mixed breed dog) in both analyses. For 2 of these dogs (one border collie and the mixed breed dog), we found 100% concordance of genotypes for the 188 SNPs in common between arrays. For the third dog, 3 SNPs out of 188 did not have concordant calls (98.4% concordance between SAMs).
We also included triplicates of the 2 border collie samples on our second SAM, with 2 samples from each dog extracted from buccal swabs, and the third sample extracted from whole blood. Genotype calls between buccal swab samples were concordant for 185 out of 188 SNPs (98.4%) for the first dog and 187 out of 188 (99.5%) for the second dog. Concordance between buccal and blood samples on the second SAM were more than 98% for both of these dogs.
Results of LD Analyses
Beagles
Pairwise comparisons were performed between markers within 10 Mb. For these markers, the mean r 2 5 0.06, median 5 0.01. For D#, the mean 5 0.54, median 5 0.46. When measuring LD between 183 markers having a minor allele frequency of 0.001 and that are 1 Mb apart, the average D# 5 0.61, with an average pairwise r 2 of 0.16 (see Table 4 .) At this coarse resolution, we noted 11 haplotype blocks comprising 52.1 Mb scattered across 64.4 Mb of chromosome 9 using the block definition described by Gabriel et al. (2002) , with one major haplotype per block (allele frequency ! 0.5) and the largest block 5 980 Kb. One region showed extensive LD (Figure 3) . The 3 blocks in this region averaged 913 kb, whereas the other 8 blocks averaged 5.3 kb in size. The average number of inferred haplotypes in these 11 blocks was 3.4 per block (range, 2.0-5.0), and the average frequency of the most common inferred haplotype was 0.61 ± 0.10. The 2 or 3 most common haplotypes accounted for .80% of the inferred haplotypes, and the 2 most common haplotypes within each block accounted for an average of 85% of the haplotypes within a block.
To determine the ability of these SNPs to tag the genetic diversity in the tested region, we used the TAGGER routine as implemented in HAPLOVIEW to determine how many of the 183 markers would be sufficient to represent, or tag, the others with an r 2 ! 0.8 (Barrett et al. 2005) . A total of 155 SNPs out of 183 were required (85%), suggesting a higher density of markers would be needed to more exhaustively represent the genetic diversity in this breed on chromosome 9.
Border Collies
For markers within 10 Mb of each other, the mean r 2 5 0.07, median 5 0.01. For D#, the mean 5 0.57, median 5 0.53. When measuring LD between 269 markers having a minor allele frequency !0.001 and that are 1 Mb apart, the average D# 5 0.71, with an average pairwise r 2 of 0.15 (see Table 4 .). Haplotype block structure was more fragmented than in beagles, with 18 smaller blocks identified and the largest block 2.48 Mb in size. The average number of inferred haplotypes in these 18 blocks was 3.2 per block (range, 2.0-8.0), and the average frequency of the most common inferred haplotype was 0.68 ± 0.18. As with the beagles, the 2 or 3 most common haplotypes accounted for .80% of the inferred haplotypes. 
Australian Shepherds
For markers within 10 Mb of each other, the mean r 2 5 0.11, median 5 0.05. For D#, the mean 5 0.64, median 5 0.71. When measuring LD between 249 markers having a minor allele frequency of 0.001 and that are 1 Mb apart, the average D# 5 0.70, with an average pairwise r 2 of 0.17 (Table 4 ). There were no discernible haplotype blocks in Australian shepherds, possibly due to small sample size.
Population Structure
We assessed population structure and substructure across breeds using the 188 markers readable in common between beagles, border collies, and Australian shepherds. The results of these analyses are represented graphically in Figure 4 . Under a model assuming no admixture, our results estimate 2 populations in these data according to the DK statistic (Evanno et al. 2005) , which is based on the rate of change in the log probability of the data. Under a model assuming admixture, they recover 3 populations.
Under a model assuming 2 populations (K 5 2) and no admixture, we found that beagles were distinct from the herding breeds ( Figure 5 ). The estimated proportion of ancestry derived from the 2 assumed populations varied between the 2 extremes (0.996/0.004, beagles; 0.012/0.988, border collie) with an intermediate value for Australian shepherds (0.20/0.80) . Applying a model that allows admixture led to reduced precision in assigning ancestry ( Figure 5 ), but distinctions were still observed between the 3 breeds. Under a model assuming 3 populations (K 5 3), we observed clear distinctions between all 3 breeds using these SNPs. The results of simulations assuming more than 3 populations were highly unstable.
Conclusions
The results described here were unexpected in several ways. Although amplified human buccal swab DNA samples have proved amenable to high-throughput genotyping (Park et al. 2005) , it was unknown whether canine DNA from buccal swabs would be of sufficient quality for use in the highly sensitive GoldenGate assay. Canine buccal swab samples are also typically much lower in total DNA recovered than human buccal samples. Although the conversion rate of designed assays to usable SNPs was not overwhelming, we were able to use the majority of SNPs for our analyses.
Our conversion rates increased from 57% to 71% between trials with the Illumina genotyping platform. This suggests that we have not yet optimized our ability to extract useful marker data from the designed SNPs. Beyond our increasing familiarity with the technology, there are other possible explanations for the differences in success of the assay between our first SAM analysis and our second. Experience from our initial experiments led us to further optimize our DNA quantification methodology, leading to a more uniform application of samples to the arrays. To compensate for the low amount of target template and the complex mixture of genomes found in amplified buccal swab DNA, we also increased the total amount of DNA analyzed to a much larger amount than recommended by Illumina. Another unexpected finding was the extent of polymorphism in the SNPs selected for study. This result may not be entirely surprising, given that a single beagle was used to score sequence differences with the boxer, thus enriching the resulting SNP set for more common variants, although we would have expected a number of rare variants as well. It might be argued that the algorithm we used to choose SNPs led to a final evaluation pool biased toward elevated allele frequencies. This cannot entirely explain our results as the SNPs that could not be adequately clustered were not necessarily of low frequency (see Figure 1B) . We found it remarkable that the mean and median allele frequencies for usable SNPs were 0.2 for all 3 breeds. Similarly, we found that the allele frequency spectra for each breed were similar, with more than half of the SNPs having minor allele frequencies !0.25. This suggests that a substantial number of SNPs discovered during the sequencing of the dog genome will be useful markers for gene-mapping studies.
Finally, we have demonstrated the portability of markers selected for polymorphism in beagles to 2 other breeds, the border collie and the Australian shepherd. Although these 3 breeds have been suggested to belong to the same or overlapping genetic clusters , we expected that SNPs chosen for polymorphism in beagles would be enriched for breed-specific markers. We were somewhat surprised that only 6 SNPs were polymorphic in beagles but not in border collies or Australian shepherds. This finding accords with the results described by Lindblad-Toh et al. (2005) , where approximately 73% of 1283 SNPs chosen from 373 383 SNPs found by sequence variation between 9 breeds (including the beagle) and the boxer were found to be polymorphic in samples of 20 dogs from each of 10 additional breeds. This suggests that the current canine SNP database is enriched for SNPs that are shared among breeds, which would be highly desirable for developing a mapping set of SNPs with portability across breeds.
We observed significant differences in allele frequency between breeds. For example, when comparing SNPs scored in both beagles and border collies, we found an average allele frequency difference of 31%, with 43% of the SNPs having opposite minor alleles between the breeds. Because of these differences, our relatively small marker set from a single chromosome facilitated fairly accurate identification of population substructure. The utility of a working collection of canine SNPs is enhanced by interbreed allele frequency differences, reflecting differences in underlying patterns of LD.
Our estimates of canine LD were not significantly different from those found in previous surveys. We observed that LD extended over long distances in the canine genome and that LD was quite variable across regions of chromosome 9 in all 3 breeds examined. One region several megabases in size showed substantial patterns of LD within each breed. Lacking comparable analyses of chromosome 9 across a wide sample of breeds, we cannot interpret the biological significance of this finding at this time. Within all 3 breeds, the level of LD was at the lower end of estimates reported by Lindblad-Toh et al. (2005) . These 3 breeds show an average r 2 per genomic interval greater than the Labrador retriever, roughly equivalent to the golden retriever and English springer spaniel, and less than the Akita, pug, bullmastiff, Irish wolfhound, and rottweiler. The relatively low levels of LD we found may result from the use of larger sample sizes in our study compared with prior surveys as small sample size often leads to inflated estimates of LD based on sampling bias. Indeed, our highest estimates of average r 2 per genomic interval were in the Australian shepherd (Table 4) , for which our sample was only 15 individuals, ,20% of the size of the other breed samples.
Although pedigree analysis in canine gene finding experiments is still very useful (Cargill et al. 2005; Lohi et al. 2005) , there are early indications that an LD-mapping approach in case-control samples is also feasible, demonstrated by successful efforts to separately map the merle and dermatomyositis loci in unrelated Shetland sheepdogs (Clark et al. 2005 (Clark et al. , 2006 . Indeed, theoretical considerations based on assessments of canine LD suggest that relatively small case-control samples genotyped with tens of thousands of SNPs may be useful for trait-mapping studies (Lindblad-Toh et al. 2005) . Thus, it is likely that many investigators will rely on SNPbased genotyping approaches to carry out LD-mapping studies in the dog. Because buccal swab samples are used in so many canine genetics studies, it is reassuring that technologies for SNP genotyping will allow utilization of such samples.
In summary, we determined that available SNP catalogs include markers useful for studies of genetic diversity and trait mapping. We also found that DNA samples extracted from buccal swabs are amenable to high-throughput genotyping analysis. Although we have not yet attempted genotyping using higher density oligonucleotide array platforms, our success using the GoldenGate assay suggests that those experiments may be fruitful. The low overall conversion rate, likely due to assay sensitivity to low DNA template concentrations, suggests that many redundant markers may be required to assure desired SNP coverage using buccal swab samples. 
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